We present the results of an investigation into the atomic structure and magnetism of 2 nm diameter Co nanoparticles embedded in an antiferromagnetic Cr matrix. The nanocomposite films used in this study were prepared by co-deposition directly from the gas phase, using a gas aggregation source for the Co nanoparticles and a molecular beam epitaxy (MBE) source for the Cr matrix material. Co K and Cr K edge extended x-ray absorption fine structure (EXAFS) experiments were performed in order to investigate atomic structure in the embedded nanoparticles and matrix respectively, while magnetism was investigated by means of a vibrating sample magnetometer. The atomic structure type of the Co nanoparticles is the same as that of the Cr matrix (bcc) although with a degree of disorder. The net Co moment per atom in the Co/Cr nanocomposite films is significantly reduced from the value for bulk Co, and decreases as the proportion of Co nanoparticles in the film is decreased; for the sample with the most dilute concentration of Co nanoparticles (4.9% by volume), the net Co moment was 0.25 μ B /atom. After field cooling to below 30 K all samples showed an exchange bias, which was largest for the most dilute sample. Both the structural and magnetic results point towards a degree of alloying at the nanoparticle/matrix interface, leading to a core/shell structure in the embedded nanoparticles consisting of an antiferromagnetic CoCr alloy shell surrounding a reduced ferromagnetic Co core.
Introduction
In recent years nanosized particles of magnetic materials, with diameters in the range 1-10 nm, have attracted much interest due to the fact that their magnetic properties differ considerably from those of the corresponding bulk material. Key reasons for the departure from bulk behaviour are the quantum size effect and the large proportion (10-50%) of atoms residing at the surface of the particle. Surface atoms are under-coordinated with respect to atoms in the interior of the nanoparticle, which leads to a narrowing of the energy bands. For transition and rare earth metals, this includes the d or f bands respectively, which govern the magnetism in these metals; this leads to size-dependent properties that are distinct from those of the bulk material. Enhancements [1] [2] [3] [4] [5] or reductions [2, 6] in atomic moments have been confirmed experimentally, and in sufficiently small nanoparticles of Rh (non-magnetic in bulk form) a permanent ferromagnetic (F) moment has been observed [7] .
In addition to size-related effects, a highly important factor affecting the magnetic properties of nanoparticles is their atomic structure. Atomic structure in nanoparticles can be changed pseudo-epitaxially by embedding them in a matrix of a different material, thereby potentially offering a degree of control over their magnetism. Atomic structure change has been reported in Fe and Co nanoparticles embedded in various matrices [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . A convenient way of embedding nanoparticles in a matrix, directly from the gas phase, is provided by the low energy cluster beam deposition (LECBD) method [22] . This is a highly controllable technique in which nanoparticles (from a gas aggregation type source) are co-deposited with the matrix material (from a molecular beam epitaxy-MBE-source) onto a solid substrate. It affords a high level of control over the atomic structure in the matrix-embedded nanoparticles. For example we have shown recently that the lattice parameter of fcc Fe nanoparticles embedded in a Cu 1−x Au x matrix can be controlled through control of the Au-content, and hence lattice parameter, of the Cu 1−x Au x matrix [20] ; this led to a high level of control over the atomic moments in the fcc Fe nanoparticles, allowing optimisation to values higher than those in bulk bcc Fe, in agreement with various calculations [18, [23] [24] [25] that predict a strong dependence of fcc Fe atomic moments on lattice parameter. Optimising magnetic properties in nanocomposite materials by establishing a high degree of control over atomic structure is relevant to the drive to design new high performance magnetic materials for a variety of applications; these include the design of electric motors with improved efficiency [26] , magnetic recording [27] and several biomedical applications [28, 29] which include the treatment of cancer tumours using magnetic nanoparticle hyperthermia (MNH).
There have been relatively few reports of F nanoparticles embedded in antiferromagnetic (AF) materials. Such systems are fundamentally interesting as they can act as test cases for nanoscale F-AF interfaces. It is well known that, following cooling in the presence of a magnetic field, an F-AF interface gives rise to a unidirectional anisotropy. In hysteresis measurements, this leads to the observation of a horizontal shift (exchange bias H ex ) in the hysteresis loop along the applied field direction; this is often accompanied by an increase in the coercivity H c [30] . Exchange bias lies at the heart of the design of spin-valve systems; devices based on spin-valve systems include magnetoresistive read heads, MRAMs and other spintronic devices. As is known, the appearance of an exchange bias can be attributed to the pinning of magnetic moments in the F material at the F-AF interface in a single direction by the AF material. The moments in the F material can be rotated away from the pinned direction by applying an external magnetic field; it is the difference in exchange energy between parallel and antiparallel alignments of moments across the F-AF interface that gives rise to the shift or exchange bias observed in the measured hysteresis loop. (The reader is directed towards [31, 32] for reviews of this topic). More recently it has been appreciated that, in many F-AF systems, it is only a small fraction of the moments that is actually pinned [33] ; the pinned fraction, and hence the values of H ex and H c , will be strongly influenced by the details of the interface microstructure. A high degree of control over sample microstructure is possible in the case of nanocomposite materials. Studying the behaviour of the F-AF interfaces in F-AF nanocomposite systems is therefore important as structural control offers the potential to tune H ex and H c .
The first experimental observation of exchange bias was reported in 1956 for partially oxidised Co particles [34] . Much of the subsequent research effort, however, was directed towards F-AF systems with thin film structures since it was recognised that the spin valve structures required in magnetic recording and sensor devices can be formed from thin film multilayer structures [35] . This was driven in part by the realisation that forming a multilayer structure of F and AF materials allows the number of F-AF interfaces to be increased. In addition, deposition techniques for thin films provide high levels of control over morphological properties such as grain size and orientation as well as overall crystalline quality, spin structure or interface layers. More recently the study of exchange bias effects in nanoparticle systems has been attracting renewed interest [36] [37] [38] [39] [40] , since it is recognised that the exchange interaction at F-AF interfaces leads to increases in coercivity and, hence, could lead to increased magnetic hardening in permanent magnetic nanocomposites [35, 41, 42] . Increases in the thermal stability of F nanoparticle moments [43] have also been reported as a consequence of F-AF exchange. Furthermore, if the anisotropy can be controlled this could lead to the optimisation of nanoparticle performance in various applications e.g. MNH, by maximising the heat produced by the nanoparticles when subjected to an oscillating magnetic field [44] . As mentioned above, the fact that significant levels are of control are achievable over the microstructure in cluster-assembled materials should enable a degree of control over both the coercivity and exchange bias, and hence the magnetic anisotropy in nanocomposite F-AF systems. Reducing the size of both F and AF materials leads to a range of novel properties, as is known. The increasing influence of surface effects has been discussed above; reducing size can also lead to changes in the magnetization reversal modes or the appearance of superparamagnetism [45] . It is therefore important to investigate the magnetic properties in F-AF systems with a nanoscale sample structure.
In the work presented here, we report on the results of an investigation into the structure and magnetism of (F) Co nanoparticles embedded in an (AF) Cr matrix. Nanocomposite films of Cr-embedded Co nanoparticles were prepared by the LECBD technique. Atomic structure and magnetism in these samples were probed by means of extended x-ray absorption fine structure (EXAFS) and magnetometry measurements respectively. The results are discussed in the light of recent research on cluster-assembled F-AF systems [36] [37] [38] [39] [40] . Both the structural and magnetic measurements indicate that the Co nanoparticles alloy to a degree with the Cr matrix, leading to a core/shell structure in the embedded nanoparticles resulting in an (AF) shell of CoCr alloy surrounding a reduced (F) core of pure Co.
Experimental
Nanocomposite films of Cr-embedded Co nanoparticles were prepared by co-deposition under ultra-high vacuum (UHV) conditions, using a gas aggregation nanoparticle source and a Cr MBE source. The deposition rates of Co nanoparticles and Cr matrix were measured by means of a quartz crystal thickness monitor; high levels of control over these enabled a high degree of control over the volume filling fraction of embedded Co nanoparticles in the Cr matrix. A detailed description of the operation and characteristics of the gas aggregation nanoparticle source used for this work can be found elsewhere [46, 47] . The size (diameter) distribution of Co nanoparticles produced by the source during preparation of the samples used in this study is shown in figure 1 . This was measured using a quadrupole filter, mounted axially within the source. As can be seen from the figure, the mean size of Co nanoparticles was about 2 nm. All samples were deposited on to Si (1 0 0) substrates, and capped with about 500 Å of Ag in order to protect the samples against oxidation upon removal from the deposition chamber. Some CoCr atomic alloy films were also prepared, using Co and Cr MBE sources, for the purposes of comparison.
Atomic structure in the Cr-embedded Co nanoparticles was probed by means of Co K edge EXAFS measurements. Some Cr K edge EXAFS measurements were also performed in order to check the atomic structure in the Cr matrix. The experiments were performed on beam-line I18 at the Diamond Light Source. X-ray absorption spectra were recorded at room temperature in fluorescence, using a 9-element monolithic Ge detector. The energy of the incident x-rays was selected with a double crystal Si(1 1 1) monochromator, while an ionisation chamber filled with He was used to measure the incident x-ray intensity. Background-subtraction and normalisation of the measured absorption spectra was carried out using the program PySpline [48] to yield the EXAFS spectra χ(k), where k is the photoelectron wavevector. These could then be analysed to obtain structural information, by fitting the experimental χ(k) to calculated EXAFS functions. Structural parameters extracted from the data were: interatomic distances r i , mean square variations in interatomic distance (Debye-Waller factors) i 2 σ and coordination numbers N i . An additional parameter E F , which is a correction to the absorption edge energy, was also included in the analysis procedure. The fitting procedure was carried out using the EXCURV98 program [49] . This uses fast curved wave theory [50] to calculate the EXAFS; atomic scattering potentials and phase shifts are calculated using Hedin-Lundqvist potentials, which account for amplitude reduction effects in EXAFS [51] . EXCURV98 uses a least squares refinement to fit the data, and minimises the sum of the square of the residuals (with k 3 weighting) according to
A value of around 10 for Φ (×10 4 ) would normally be considered to represent a reasonable fit. We also quote the EXAFS R-factor which is widely regarded as a measure of the quality of the fit. This is defined (with k 3 weighting), according to
An R-value of between 20 and 30 would normally be regarded as a reasonable fit. The errors on all quantities are quoted to ±2 standard deviations. Magnetic properties of the Co/Cr nanocomposite films were investigated using an Oxford Instruments MagLab vibrating sample magnetometer. Magnetisation curves (total sample magnetic moment versus applied magnetic field) were recorded for temperatures in the range 2-30 K, and for fields between ±4T. Figure 2 shows the Cr K edge EXAFS spectra, weighted by k 3 , and their associated Fourier transforms for the Cr-embedded Co nanoparticle films. Also included in the figure is data for a pure Cr MBE-deposited film. Analysis of the data for the pure Cr film yielded a fit with five statistically significant shells that was consistent with a bcc structure, as expected for bulk Cr. In the fitting procedure for this sample, the coordinations were held fixed at values associated with bcc while the interatomic distances r i and Debye-Waller factors i 2 σ were allowed to vary freely. Multiple scattering between the first and fifth shells, as expected in bcc structures, was incorporated in the fit. Table 1 gives the fit parameters obtained along with the interatomic distances and coordinations in bulk Cr. The Cr edge spectra for the nanocomposite films look qualitatively similar to the pure Cr spectrum. Good N i -constrained fits, consistent with bcc, were also obtained for these samples. The fit values are listed in table 1, and indicate a bcc structure in the embedding Cr matrix. It can be noted that the fit values for i 2 σ are larger for the 43% VF Co/Cr film than for the 7.1% VF film or the pure Cr film. This is consistent with the observation that the amplitude of the EXAFS for this sample is lower than for the other two samples (see figure 2) , implying that the high concentration of Co nanoparticles in the 43% VF film results in a certain amount of disruption or disorder of the Cr matrix.
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[It may also be noted that the fit values for i 2 σ appear to be a little lower in the 7.1% VF Co/Cr film than in the Cr MBE film. Obtaining sufficient equivalent thickness of Co for the Co edge EXAFS measurements necessarily results in a large Cr thickness (~0.5 μm) for films with dilute filling fraction of Co. The thickness of the Cr MBE film was much thinner than this (~10%); the influence of the surface layers in this sample will be larger than for the 7.1% VF Co/Cr film which 
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The Co K edge EXAFS spectra (k 3 -weighted) measured for the Cr-embedded Co nanoparticle films, and associated Fourier transforms, are shown in figure 3. Data for a pure Co MBE-deposited film is also included in the figure. Analysis of the pure Co data yielded a 5-shell fit consistent with an hcp structure, as expected for bulk Co. During the fit for this sample, the coordinations were held fixed at values associated with hcp while r i and i 2 σ were allowed to vary freely. The fit parameters obtained, along with the interatomic distances and coordinations in bulk Co, are given in table 2.
Upon initial inspection, the Co edge spectra for the Co/Cr nanocomposite films look rather different to the pure Co spectrum. It is worth pointing out that in previous studies [19] , the Co edge EXAFS measured by us for Co nanoparticles embedded in a Ag matrix appeared very similar to that for a pure Co film; data analysis confirmed the retention of a closepacked structure in this case. The differences in the Co edge EXAFS in figure 3 therefore imply a different structure in the Cr-embedded Co nanoparticles. As is known, even partial oxidation gives rise to strong changes in the Co K edge EXAFS relative to that for the pure metal [52] , particularly in the low k-region. However, none of the features associated with oxidation were found in the Co K edge spectra presented here.
The spectra for the samples with the most dilute concentrations of Co nanoparticles (7.1% VF and 11.5% VF) in fact show some similarity with the Cr edge spectra in figure 2 , which hints at a bcc structure in the embedded Co nanoparticles. This is reinforced by the fact that is it is possible to obtain reasonable bcc fits (with four significant shells) to the data for these two samples. Table 3 gives the fit parameters r i and i 2 σ obtained in such fits (in which N i were fixed at values associated with bcc). The fit values for r i are in reasonable agreement with those measured previously for bcc Co nanoparticles embedded in an Fe matrix [15] . In fact, the nearest neighbour distance r 1 (at 2.47 ± 0.01 Å) is slightly larger than in the Fe-embedded Co nanoparticles of [15] (at 2.45 ± 0.01 Å); this is consistent with the fact that Co has a slightly larger lattice parameter than Fe (2.91 Å compared to 2.87 Å respectively), and is hence consistent with some stretch in the Cr-embedded Co nanoparticles relative to those embedded in Fe. We also note that the fit values for i 2 σ in table 3 are generally larger than those found from analysis of the Cr edge EXAFS for the 7.1% VF Co/Cr film and the pure Cr film (see table 1 ). This is consistent with the observation that the amplitude of the bcc Co edge EXAFS for the 7.1% VF and 11.5% VF Co/Cr films (see figure 3) is lower than the amplitude of the bcc Cr edge EXAFS in the 7.1% VF Co/Cr film and pure Cr film (see figure 2) . These results imply a degree of disorder in the embedded Co nanoparticles.
It is known that Co nanoparticles can undergo significant alloying when embedded in certain matrix materials, such as Mn for example [38] . Given the close similarity between the atomic numbers of Co and Cr, it is of course difficult on the basis of EXAFS alone to determine the extent of any alloying between Co nanoparticles and Cr matrix. The fit parameters in table 3 were obtained on the basis of Co scattering atoms. Replacing the Co scattering atoms by Cr atoms in the fitting procedure changes the fit parameters only very slightly. respectively; their Fourier transforms have been displaced by 80 au and 150 au respectively). and R increase slightly from 3.9 to 4.5, and from 25.0 to 27.6 respectively. Small increases in fit indices are also seen for the 11.5% VF Co/Cr film, from 4.9 to 5.5 for Φ × 10 4 , and 27.9 to 31.0 for R. We note, however, that 'artificially' replacing Co scatterers with Cr scatterers in the fit to the data for the pure Co MBE film produces a much more significant worsening in fit; Φ × 10 4 and R increase respectively from 2.2 to 4.7, and from 19.3 to 29.9. This 'comparative' procedure suggests that in the 7.1% and 11.5% VF Co/Cr films, Co atoms are coordinated by both Co and Cr atoms, although slightly more by Co than Cr. As such, this is consistent with a degree of alloying between the Co nanoparticles and Cr matrix. It should be noted that in the absence of alloying, Co atoms would on average be coordinated significantly more by Co than by Cr atoms. In a 2 nm nanoparticle, the proportion of atoms residing at the surface is ~40% [53] ; in the absence of alloying, nearest neighbour partial Co-Cr and Co-Co coordinations of 1.6 and 6.4 respectively would then be expected. It should also be noted that the bcc structure has been observed in CoCr alloys for Co-contents up to 30 at.% [54] ; a degree of alloying is therefore not inconsistent with the bcc structure that we have found here for the Cr-embedded Co nanoparticles.
For the Co/Cr nanocomposite films containing higher volume fractions of Co nanoparticles (22.6%, 30.8% and 43.0%), the Co edge EXAFS spectra look rather 'simpler' than the spectra discussed above for the two most dilute volume fractions (as can be seen in figure 3 ). In fact it is possible to fit Structural parameters r i , 2σ only one significant shell to these spectra. The fit parameters obtained in single shell fits to these spectra are given table 4. It can be seen that the fit values for the interatomic distances (2.47/2.48 ± 0.01 Å) are consistent within experimental error with the nearest neighbour distances for the samples with the two most dilute volume fractions (at 2.47 ± 0.01 Å), and are closer to these than the nearest neighbour distance in the hcp Co film (2.50 ± 0.01 Å). We also note that the fit values for the coordinations are much nearer to the nearest neighbour coordination in bcc (8) than in hcp (12) . For volume fractions greater than ~20% significant agglomerations of nanoparticles are expected as the 3D percolation threshold occurs at 24.88% [55] . If the agglomerated regions of Co revert to a close packed structure, the coordination number should increase with increasing volume fraction. The fact that this is not observed, and that the nearest neighbour distance remains close to the bcc value rather than increasing to the hcp value, indicates that the agglomerated regions retain a bcc structure (over the composition range investigated). We have previously used EXAFS to show that Co nanoparticles embedded in Fe retain a bcc structure for volume fractions approaching 40% [15] ; for these Fe-embedded Co nanoparticles, fits to a bcc structure with four significant shells were possible for volume fractions between 0 and 40%. For the Cr-embedded Co nanoparticles, where multi-shell fits to bcc could only be applied for the most dilute volume fractions, it can also be noted that the amplitude of the Co edge EXAFS remains low across the composition range studied (compared to the bcc Cr edge EXAFS in figure 1 ). It is also much lower than the Co edge EXAFS amplitude measured for the Fe-embedded bcc Co nanoparticles in [15] . These results imply that, across the whole composition range studied, the Cr-embedded Co nanoparticles are subject to a degree of structural disorder.
Magnetism
Magnetisation curves, showing the total magnetic moment in the sample as a function of applied field, are displayed in figure 4 for Co/Cr nanocomposite films with two different volume fractions of Co nanoparticles. The data was recorded at a temperature of 2 K after field cooling from room temperature at 0.1T. The decrease in the saturation value of the moment as the volume fraction of Co nanoparticles is reduced can be noted. With the total amount of Co in the films known, the net atomic moments on the Co atoms can be extracted from the saturation values of the sample moments. Figure 5 shows the Co atomic moments obtained in this way as a 
Film of 30.8% VF Co nanoparticles in a Cr matrix
Film of 43.0% VF Co nanoparticles in a Cr matrix function of volume fraction of Co nanoparticles. It is clear that not only do the Co moments decrease with decreasing volume fraction but also, that across the composition range studied, they are substantially less than the value for pure Co (1.7 μ B /atom). For the sample with the most dilute concentration of Co nanoparticles (at 4.9% VF), the atomic Co moment is reduced to 0.25 μ B /atom or ~15% of the bulk value. Proportionally, this reduction is appreciably greater than the reduction observed recently for the net atomic Fe moment in 2 nm Fe nanoparticles embedded in Cr [40] , where the reduction was ~50% relative to the bulk Fe value. Given that ~40% of atoms in a 2 nm nanoparticle reside at its surface, a reduction in atomic moment of ~50% is consistent with the surface layer of atoms in the nanoparticle not contributing to the net atomic moment; the reduction in net Fe moment in [40] was ascribed to a magnetically disordered or AF layer of Fe atoms at the Fe/Cr interface. For the Cr-embedded Co nanoparticles here, the reduction in net moment for the 4.9% VF sample implies that ~85% of the Co atoms in the nanoparticle do not contribute to the net atomic moment which seems high in terms of a magnetically disordered or AF layer. Alternatively, as discussed below, a degree of alloying at the Co/Cr interface could account for a reduction in the net atomic Co moment (as for Co nanoparticles embedded in Mn [38] ). It is known that the saturation magnetisation, and hence the net atomic Co moment, decrease rapidly with increasing Cr content in Co-rich Co 1−x Cr x alloys [54, [56] [57] [58] . For Co 1−x Cr x alloys prepared from a melt [57] and by rf sputtering [58] , the measured saturation magnetisation decreases so rapidly as the Cr content is increased that for Cr contents of ~30 at.% the samples are no longer F. In Co 1−x Cr x alloys formed by mechanical alloying, significant F behaviour has been observed for higher Cr contents up to approximately equiatomic compositions [54] . The decrease in saturation magnetisation has been attributed previously [54] to the dilution effect of the Co atomic moment promoted by the formation of CoCr solid solutions, and also to the competition between F and AF exchange interactions. In [57] the authors attributed the disappearance of F behaviour to AF coupling between Co and Cr atomic moments (which was consistent with neutron diffraction data [59] ). As mentioned in section 2, some Co 1−x Cr x alloy films were prepared by MBE for comparison with the Co/Cr nanocomposite films. Figure 6 shows the magnetisation curves measured for a Co 0.56 Cr 0.44 alloy film and also for a pure Co film. The saturation moment for the pure Co film is consistent with bulk value for the atomic Co moment, whereas the much reduced saturation moment in the alloy film yields an atomic Co moment of 0.13 ± 0.02 μ B /atom. The same value was also obtained from the saturation moment measured for a Co 0.08 Cr 0.92 alloy film. The observation of a small net moment in each of these two samples is consistent with an incomplete cancellation between Co and Cr moments in an otherwise AF Co 1−x Cr x alloy film.
For the Co/Cr nanocomposite films, a degree of alloying at the Co/Cr interface would effectively result in a core/shell structure in the embedded nanoparticles, with a Co 1-x Cr x alloy shell surrounding a pure Co core. Assuming such a core/shell structure, and assigning a moment of 0.13 μ B /atom to Co atoms in the alloy shell (as measured in the CoCr MBE alloy films) and 1.7 μ B /atom (i.e. the bulk value) to atoms in the reduced pure Co core, the proportion of Co atoms in the nanoparticle that are alloyed can be estimated from the measured net Co moment. The figure of 0.25 μ B /atom measured for the net Co moment in the 4.9% VF Co/Cr sample is consistent with an alloyed proportion of ~90%. This is somewhat higher than the figure of ~70% found for the alloyed proportion of Co atoms in Co nanoparticles embedded in Mn [38] . We note however that the atomic moment of Co atoms in the core is likely to be less than the bulk value, as was found for Mn-embedded Co nanoparticles [36, 37, 60] where the measured saturation magnetisation was consistent with net Co moments of ~0.1 μ B /atom; given the degree of alloying this implies that the Co moments in the core were ~0.5 μ B /atom. Applying this value to the atomic moments in the Co core of the Cr-embedded Co nanoparticles leads to an estimate of ~68% for the proportion of Co atoms that are alloyed. From here, it is possible to make an estimate for the nearest neighbour partial Co-Co and Co-Cr coordinations expected in this sample (4.9% VF Co/Cr). In the bcc Co 1−x Cr x alloy shell, the Co-Co and Co-Cr coordinations will be 8(1 − x) and 8x respectively (assuming random bonding), while the Co-Co coordination in the bcc Co core will be 8. Hence, if the proportion of Co atoms that are alloyed is f, the net Co-Co and Co-Cr nearest neighbour partial coordinations (N Co-Co and N Co-Cr respectively) should be:
The 'comparative' fitting procedure to the Co edge EXAFS data described in section 3.2 indicated that Co atoms were coordinated slightly more by Co than by Cr atoms. This implies that N Co-Co should be slightly greater than 4, and N Co-Cr slightly less than 4 (given that the total nearest neighbour coordination is 8). With f = 0.68, this requirement gives us that the Co content in the alloy shell should be greater than 27 at.%. So compositions in the alloy shell which are at the upper end of the composition range reported for bcc Co 1−x Cr x alloys (~30 at.%) [54] are consistent with the Co edge EXAFS. The formation of a F/AF core/shell structure in the Cr-embedded Co nanoparticles through alloying should result in exchange bias behaviour, due to exchange coupling at the F/AF interfaces in the nanocomposite material. Figure 7 shows the portion of the magnetisation curve (measured at 2 K) between ± 0.5T for the 4.9% VF Co/Cr sample; a small exchange bias μ 0 H ex of 0.0119T is evident. As can be seen from figure 8, which shows the exchange bias for the above sample as a function of temperature, the exchange bias decreases with increasing temperature and is close to zero for temperatures around 30 K. This is similar to the temperaturedependence of the exchange bias seen in the Mn-embedded Co nanoparticles [36, 37] and Cr-embedded Fe nanoparticles [40] . For comparison, a dilute sample of Co nanoparticles (5.2% VF) in a Ag matrix was prepared. The proportion of the magnetisation curve between ± 0.5T (at 2 K) for this sample is shown in figure 9 ; the fact that there is a negligible exchange bias in this case indicates that Co nanoparticles produced by the source used in our work are not subject to significant oxidation effects, and is consistent with the lack of oxidation related features in the measured Co edge EXAFS (mentioned in section 3.2). Figures 10 and 11 give the exchange bias and (fieldcooled) coercivity μ 0 H c (both measured at 2 K) respectively as a function of VF of Co nanoparticles in Cr. For the most dilute concentrations of Co nanoparticles the exchange bias is a significant fraction of the coercivity, with H ex /H c ≈ 20%. The efficiency of the exchange bias effect decreases as the volume fraction of Co nanoparticles is increased, with H ex /H c falling to ~10% for the highest volume fractions studied. As the fraction of embedded nanoparticles increases from dilute values, where the nanoparticles are effectively isolated from one another, agglomerations of nanoparticles will begin to form in the nanocomposite film. As mentioned earlier, the number of these will become significant as the filling fraction of nanoparticles approaches the percolation threshold of 24.88% [55] . In the film as a whole, agglomeration will serve to reduce the Magnetisation curve (total sample magnetic moment as a function of applied magnetic field) between ± 0.5T for the 5.2% VF Co/Ag film, measured at a temperature of 2 K after field-cooling at 0.1T from room temperature. amount of CoCr alloy shell. The decrease in exchange bias with increasing VF, as shown in figure 10 , is therefore consistent with this. In Mn-embedded Co nanoparticles [36, 37] , for which there is significant alloying between Co and Mn, H ex /H c was also found to decrease as the volume fraction of Co nanoparticles increases. In contrast the efficiency of the exchange bias effect in Cr-embedded Fe nanoparticles, where there is not significant alloying, increases as the volume fraction of Fe nanoparticles is increased [40] . In this respect, the similarity between the Cr-embedded and Mn-embedded Co nanoparticles gives further qualitative support for some alloying between Co nanoparticles and Cr matrix.
Conclusions
We have investigated atomic structure and magnetism in nanocomposite films of Co nanoparticles embedded in a Cr matrix. The Co nanoparticles adopt the same bcc structure type as the host matrix, although with a degree of disorder. Net atomic moments in the Cr-embedded Co nanoparticles are much reduced compared to the value in bulk Co, with values as low as 0.25 μ B /atom measured for samples with dilute concentrations of nanoparticles. The structural and magnetic data are both consistent with a degree of alloying at the nanoparticle/matrix interface. This leads to a core/shell structure in the Cr-embedded nanoparticles, with an AF CoCr alloy shell surrounding a reduced Co core. 
